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FOREWORD

This report (USCAE 151) is based on a study prepared for the article
"Perspectives on Hypersonic Viscous Flow Research” in the Annual
Reviews of Fluid Mechanics. Owing to space limitation, the following
material in §§6-8 was not included in the article that will appear. The
original review study is documented here as a whole under a slightly
revised title, reflecting an expanded scope to include aspects of
nonequilibrium aerothermodynamics, combustion, and rarefied gas
dynamics.






1. INTRODUCTION

The National Aerospace Plane (NASP) and several other space programs initiated during the
past decade in the U.S. and abroad (see Williams 1986, Parks & Waldman 1990, Parkinson & Conchie
1990, Koelle 1990, Ito et al. 1990, Lozino-Lozinsky & Neiland 1989) have rekindled considerable
" interest in hypersonics. Almost one quarter of a century separates the present from the dynamical era
_of hypersonic flow research in the mid-1950s and early 1960s, during which critical flow physics
problems posed by atmospheric reentry were identified and solved while many aspects of aerodynamnc
and aerothermodynamnc theories were establxshed “What, then, are the issues and advances in this
field as perceived in the modern setting? The immense impact of the computer revolution on the
design concept and analysis strategy, the experience with the > Space-Transportation-System (Space
Shuttle) program, as well as advances in maternal and propulsion technologies since the 1970s should
all have made the modern research envnronment gng progress vastly different from those of the

Sputnik-Apollo era. This article examines| “issues and advances in current Eype rsonic flow research

/ perceived to be of interest in thectetical fTuid/gas dynamics. The scope and depth of the review are

necessarily limited, as is the list of cited references, although the latter turns out to be quite extensive

owing to the diverse nature of the field. Helpful are two recent texts by Anderson (1989) and Park

(1990) which provide useful background material for the discussion of current issues. [See the
reviews by Cheng (1990) and Treanor (1991).] ‘

The nature of this diverse field may perhaps be appreciated by considering simplistically the
flight Mach number M, and the Reynolds number Re,, (or the Knudsen number Kn=M_/Re_)as
two driving parameters whxch control the high- temperature real-gas properties and the molecular-
transport processes. A lowering of Re,, (increasing Kn) as the vehicle ascends to the more rarefied
atmosphere brings about nonequilibrium in the internal molecular excitations and flow chemistry, and
in the translational motion of the particles as well. As with viscous and diffusive processes, they are
controlled mainly by particle-collision events. The speed and altitude ranges of the Space Shuttle and
the NASP ascent/descent corridors encompass most such nonequilibrium domains, Thus, apart from
the fluid dynamic aspect of hypersonic viscous flows, one must address issues of nonequilibrium gas
dynamics affecting the flows of interest, hence the use of "perspectives” in the article’s title.

In the present framework, the study of viscous hypersonic flow will face transition problems
of two kinds which represent, in fact, the two major areas of current research: the turbulence
transition at the high Re range and, at the other end, the transition to the free-molecule limit. Work
on fully developed turbulent boundary/shear layers are outside the scope of this review; some recent
work applicable to turbulence transition in hypersonic boundary layers will nevertheless be noted.
Readers may find helpful insight on turbulence modelling and CFD for aerodynamic flows offered
in recent articles by Chapman (1992), Moin, (1992), Cheng (1989) and Mehta (1990). Towards the
rarefied-gas regime, there are quite a few Direct Simulation Monte Carlo (DSMC) calculations of
varying themes to be studied and several issues on continuum extension are in need of clarification.
Works on gaseous radiation and scramjet combustion will be cited only in relation to nonequilibrium
gas dynamics and CFD studies. A recent article by Tirsky (1993) on hypersonic flow research is
called to author’s attention. The work presents a perspective quite different from this review and may
otherwise be considered complementary to the material discussed in §§6 - 8 below.

2. HYPERSONIC AIRCRAFT AS WAVERIDER

On hypersonic vehicle design and research, Townend (1991) lists three recurrent themes: 1.
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replacement of expendable ballistic space launchers with reusable aerospace planes, 2. hypersonic
airlines, and 3. transatmospheric orbital transfer vehicles. Central to all three is research which aims
at integrating air-breathing propulision into an aerodynamic design called the "waverider". This term
refers to a concept evolved from Nonweiler’s (1963,1990) study which utilized the streamlines behind
a known shock wave for generating examples of three-dimensional (3-D) lifting bodies in a supersonic
flow--a particular example of which is the caret wing generated from streamlines behind a plane
shock (see Kuchemann 1978, pp. 74-79, 450-514; Stollery 1990).

2.1 Waverider as a Generic Design; The Breguet Range

A great number of recent studies and overviews on waveriders were presented in the
proceedings of an international waverider symposium (Anderson et al. 1990), where substantial
improvement in lift-to-drag ratio (L /D) and other aerodynamic features over standard configurations
are reported. The article by Eggers et al. (1990) extensively reviews the aerodynamic design
development related to the waverider concept and is itself a valuable document in hypersonic
aerodynamics. At this juncture it will be refreshing to recall a discussion by Kuchemann on aircraft
cruising range and his vision of hypersonic flight.

Kuchemann (1978, pp. 7-9) anticipated a trend of increasing propulsive efficiency np, With
flight speed, and a correspondmg decreasing trend in the lift-to-drag ratio of waverider axrcraf t, SO
that the product n_L/D remains roughly constant--being close to the value x. With this, and the
provision that the tp uel carried is not too small a fraction of the all-up weight, Kuchemann concluded
from the Breguet range formula that a nonstop flight to the farthest point on the globe is feasible even
if hydrocarbon fuel is used, irrespective of flight speed. For a Mach-8 Orient Express or the NASP
X-30 at a comparable speed, the cruise would take about two hours. This conclusion is made explicit
in Kuchemann’s (1978, p.551) "spectrum of aircraft" reproduced here in Fig. 1. It shows the
maximum ranges of four types of aircrafts designed for cruising at four very different Mach
numbers, each allowing a two-hour flight time.

2.2 Waverider Wing Studies

THE VISCOUS CORRECTIONS  Skin friction must be included in the performance analysis of a
waverider wing. Results of optimization which takes into account skin friction have been referred
to as "viscous optimized" (Bowcutt et al. 1987, Corda et al. 1988). The viscous optimized waveriders

obtained are seen to differ considerably in shape depending on (turbulence) transition locations
assumed in the calculations, signifying the critical need of a reliable transition prediction method (§5).

BOUNDARY-LAYER DISPLACEMENT, FLOW CHEMISTRY AND HIGH-ALTITUDE EFFECTS Owing to the
boundary-layer displacement effect at sufficiently low Reynolds numbers, wing loading, skin friction
and surface heating rate may increase significantly for a thin wing at low incidence. Anderson et al.
(1992) studied examples of waveriders with a 60-meter chord optimized for this viscous-interaction
(displacement) effect. The displacement effects on lift and drag are affected little by the optimization
performed in the study, which nevertheless, alter the waverider planform and its thickness
distribution drastically. This observation signifies a configuration insensitivity ata given Re and Mw,
which could be translated to a greater degree of freedom for the designers. The effect of air
chemistry on waverider aerodynamics has also been studied (Anderson et al. 1992) but found to be
small for the examples considered.

For higher altitude applications, Anderson et al. (1991) studied waverider wings 5 meter in
length at altitudes of 80-120 km, corresponding to a Knudsen-number range from 1073 to a unit
order, even though the wing was generated by an inviscid procedure. In their study, Potter’s (1988)
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Fig. 2 Schematic of a hypersonic ramjet (from Billig
1992). .
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Fig. 1 The Spectrum of Aircraft (from Kiichemann
1978): Range covered by a two-hour flight as a
function of cruise Mach number for four different
aerodynamic designs. The value R/2Rg = 0.5 rep-
resents the distance to the farthest end of a great

circle route.
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bridging function for empirical correlation of rarefied hypersonic-flow data was considered (also see
Warr 1979, Wilhite et al. 1985). This and other questions may better be discussed in the context of
low-density hypersonic flows in §8.

ISSUES WITH A SHARP LEADING EDGE A question on the practicality of the waverider design arises,
which concerns the sharp leading edge inherent to the inviscid solution procedure used. An important
issue was raised by Nonweiler, namely, whether a genuinely sharp leading edge made of available
materials can survive the heat flux from hypersonic flight without the aid of active cooling. An
answer was offered by the "conducting plate" theory and experiment (Nonweiler et al. 1971,
Nonweiler 1990) which show that solid-body conductivity and radiative cooling can together be
effective in limiting the temperature on a sharp-edged wing. For a 14° wedge-shaped leading edge
built from material with conductivity comparable to graphite, the maximum temperature on a 75°
swept wing at a speed of 6.5 km/sec is not expected to exceed 2000°K, according to the study.
Recent progress in material research (e.g. Sanzero 1990) could make this passive-cooling approach
more attractive. A thin/slender configuration with or without a sharp leading edge is apparently
preferred over a nonslender/blunt shape in the quest for a high L/D. This may be essential for the
cruise economy as well as cross range capability in a transatmospheric operation (Walberg 1985).

2.3 Integrated Aerodynamic Design

The merit of a waverider or any aerodynamic design cannot be assessed without considering
the constraints placed by the power plant installation, propulsion concept and other details in an
integrated design, (Kuchemann 1978, Townend 1991). Figure 2 indicates the various parts of the
external and internal flows of a scramjet engine of a generic design and the need for an integrated
analysis (Billig 1992). The surface pressure on the ramp would add substantially to the total lift L and
drag D; the rear portion where the burned gas exits takes the form of a "half nozzle" where the thrust
T is principally derived, and the pressure also contributes to the lift and pitching moment. As an
integrated system, one may speak of the net thrust (T-D) available for acceleration. As the scramjet
vehicle ascends to higher altitudes, the ability to accelerate further depends on the precarious balance
between the diminishing T and D.

3. VISCOUS INTERACTION: COMPUTATIONAL METHODS

The fluid dynamics of hypersonic flows is complicated by the interaction of the boundary
layer and shear layer with shock waves, leading to flow separation and instability not amenable to
straightforward analyses. The need for numerical solutions to the Navier-Stokes (NS) or other full
equation systems has been made apparent in Fig. 2, where significant interaction of boundary layers
with shock/expansion waves occurs in most regions. Note that in the straight precombustion passage
(called "“isolator”) in Fig. 2, a shock train {not shown) must form through wave reflection and viscous
interaction, Complicated shock-shock interaction patterns can create a supersonic jet impinging on
the cowl lip, causing an unexpectedly high local heating rate as was first investigated by Edney (1968)
and later by Holden et al. (1988) and Glass et al. (1989); this has yet to be explained by a viscous
interaction analyses (cf. Fig. 3 reproduced from Weiting 1990). As a prelude to the discussions of
the following sections, several major approaches to viscous-flow calculations underlying much of the
current hypersonic flow studies will be noted; their extension to nonequilibrium flow calculations will
be discussed in specific applications later in §6. Some of the basic computational procedures for
compressible viscous flow calculations have been elucidated in texts and monographs (e.g., Anderson
et al. 1984, Hoffman 1989). The CFD approaches of interest here will be discussed in three categories
according to the level of approximation for the governing equations.

3.1 Interacting Boundary Layer Equations
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Fig. 3 Interaction of incident shock and bow shock near
engine cow! leading edge: Edney’s Type IV super-
sonic jet interference pattern (sketch reproduced
from Weiting 1990).
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Unlike in standard boundary layer theory, the streamwise pressure gradients in the boundary-
layer equations are not given a priori and are determined in a system coupled to the Euler equations
governing the outer flows. The steady-state version of the equations allows upstream influence and
flow separation and is comparable to a composite form of the PDEs in triple-deck theory (e.g., Werle
& Vasta 1974; Burggraf et al. 1979; also Anderson et al. 1984).

3.2 Parabolized Navier-Stokes (PNS)

Even if the viscous interaction is strong, the thin viscous layer permits the deletion of most
streamwise partial derivative terms in the viscous, heat-conducting, and diffusive parts of the NS
equations. For steady-state applications, the reduced nonlinear equations give the appearance of
PDE:s of parabolic type, hence the name PNS. With a hypersonic free stream, the upstream influence
can be omitted in the less viscous part of the external flow, and the PNS system may then be
integrated simply as an initial boundary-value problem by marching in the downstream direction.
Documented results show excellent capability of the methods in shock-capturing, and in describing
the interactions on the global scale as well as capturing cross-flow separations. As methods for
analyzing viscous interaction, however, a short coming of these marching procedures is their
preclusion of the upstream influence of the downstream condition and reverse flows owing to the
special treatments of the streamwise pressure term needed to suppress the departure solution (Vigneron
et al. 1978; Anderson et al. 1984, pp. 433-440; for recent PNS implementation in hypersonic flow, see
Butta et al. 1990; Tannehill et al 1990 Krawczyk et al, 1989)

In passing, one notes that the equations in viscous shock-layer theories (Davis 1970, Moss
1976, Cheng 1963; also Gupta et al. 1992) may also be regarded as the simpler versions of the PNS
using shock fitting. They may best be discussed in the context of the continuum extension to the
rarefied gas dynamic regime in §8, inasmuch as a considerable number of their applications have been
made during the last decade in studies comparing the continuum and particie-simulation models (Moss
et al. 1987, Moss & Bird 1985, Cheng et al. 1989,1990,1991).

3.3. Iterative/Time-Accurate Navier-Stokes

THIN-LAYER NAVIER-STOKES To retain the upstream-influence capability, one may restore the time-
dependent terms to the PNS equations, solving them as a time marching, initial boundary-value
problem, or apply an iterative procedure to the (steady) PNS equations with suitable outflow boundary
conditions. This version is often referred to as the thin-layer NS and is believed to be basic to several
codes in current use: ARC3D (Pulliam & Steger 1980), F3D (Ying et al. 1986), NS3D (Blottner 1990),
and also CFL3D (Vasta et al. 1989). A space-marching iterative procedure called the "supra-
characteristic method" (Stookesberry & Tannehill 1986) also belongs to this class. In the first two
codes, flux-vector splitting with upwind differencing (Steger & Warming 1980; van Leer 1982) or
similar techniques are used, these prove to be robust in many shock-capturing calculations (Roe 1986,
van Leer et al. 1987). The F3D code has been further developed and used successfully in 3-D
hypersonic flow analyses (Ryan et al. 1990), nonequilibrium hydrogen-air reaction (Lee & Deiwert
1990) and the hypersonic flow through an expansion slot in a 3-D ramp (Hung & Barth 1990). TVD
(Total Variation Diminishing) and similar schemes were used in many of these works to enhance the
shock-capturing capability (cf. Yee 1987). Compared to the full NS calculations, the thin-layer
version may represent a considerable saving in computer resources and programming effort; global
convergence to the steady state can be accelerated with some zonal strategy, as seen from the cited

examples.

FULL NAVIER-STOKES CALCULATIONS Similar remarks apply to the full NS equations and calculations.
Among the full 3-D NS codes used in current hypersonic flow analyses is the LAURA (Langley
Aerothermodynamic Upwind Relaxation Algorithm) designed for finite-volume formulation (see
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Gnoffo 1989); LAURA adapts Roe’s averaging to flux components across cell boundaries for the
convective terms (see Roe 1986) and Harten’s (1983) symmetric TVD scheme (see also Yee 1987).
Unique in this relaxation procedure is the point-implicit strategy, which is believed to render the
procedure stable for an arbitrary Courant number without the need of solving large, block-tridiagonal
matrix equations. The LAURA code has been applied to a variety of nonequilibrium
aerothermodynamic problems as well as rarefied, hypersonic flow studies (cf. Gnoffo 1990,
Greendyke et al. 1992), to which we shall return later for comments.

The procedure of MacCormack’s explicit, time-split, predictor-corrector method
(MacCormack & Baldwin 1975, Hung & MacCormack 1975) and the implicit version (MacCormack
1982) solve equations in finite-volume conservation-law form and are supposedly second-order
accurate in space and time, as elucidated in the text of Anderson et al. (1984). Application of the
explicit 2-D version by Hung & MacCormack (1975) to flow past a flat plate with a compression
cornerat M = 14.1,Re = 1.04x10%, agree quite well with experimentally measured surface pressure,
heating rate, and skin friction (Holden & Moselle 1969) for ramp angles @ = 0-18°, The same set of
experimental data was also compared with solutions by the supra-characteristics method in
Stookesberry & Tannehill (1986). However, the comparison for a = 24° was not satisfactory in either
study for the reason be noted shortly. A 3-D version of a similar procedure was successfully applied
to a complete reentry configuration at Mach 6 by Shang & Scherr (1986), assuming v = 1.40 and a
Baldwin-Lomax (1978) turbulence model (cf. Anderson 1989, pp. 353-359). In the implicit version,
a stage is added to each of the predictor and corrector steps, where an approximately factorized time-
dependent operator is applied to implicitly update the unknowns by simply inverting bidiagonal
matrices as was done in the explicit version. Whereas the procedure is unconditionally stable for
unbounded time steps At according to linear model analyses, the products pAt/ e(Ax)?and pAt/o(Ay)?
are required to be bounded to maintain accuracy. One observes, however, that the latter requirements
are similar to, and almost as restrictive as, the stability condition for an explicit method applied to
a diffusion/heat equation, and that the density ¢ in these products can cause severe problems in
rarefied hypersonic flow applications. - '

The second-order accurate, compressible NS solver recently proposed by MacCormack &
Candler (1989) is virtually a relaxation procedure and appears to be extremely promising for 3-D
applications, according to MacCormack (1990). Type-dependent procedures have been effectively
implemented according to the flux-vector splitting algorithm in solving equations in conservation-law
form (Steger & Warming 1980). The splitting, applied mainly to the streamwise flux, is believed to
help relaxation convergence by virtue of the increased weight of the diagonal elements in the block
tridiagonal matrix of the difference equations. In MacCormack & Candler’s (1989) procedure, the
Gauss-Seidel line relaxation is adopted to solve the unfactored matrix equations, thereby avoiding
unwarranted errors from the approximate factorization, which slows down convergence. The new
procedure allows large time steps, and the calculation can be performed on a common work station.
It is unclear if convergence acceleration routines (e.g. Cheung et al. 1991) would be helpful in further
enhancing the method’s performance. Recently, this procedure has been adapted to solve the (full)
Burnett (1936) equations for rarefied hypersonic flows (Zhong et al. 1991 a,b), for which issues with
boundary conditions and solution uniqueness remain unresolved (see §§8.5, 8.6 below).

IMPORTANCE OF 3-D INFLUENCE We return now to the comparison of Hung & MacCormack’s (1975)
calculation with Holden & Mosselle’s (1969) measurement for the case with the ramp angle a = 24°
mentioned earlier. In this case, Rudy et al. (1991) used the thin-layer CFL 3D (Vasta et al. 1989) code
to demonstrate that spanwise (global) 3-D effects can resolve all the noticeable discrepancies. The
computed surface oil flow and pressure contours in the symmetry plane and a downstream plane are
reproduced in Fig. 4. This provides perhaps an excellent example in which 3-D computation has
proven crucial in settling a fluid dynamic issue which would have been perceived as being 2-D in
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origin. Among other computer programs currently being used in viscous hypersonic flow study are
those of Edwards & Flores (1990), Thomas & Neier (1990), and Liu & Jameson (1992).

4. VISCOUS INTERACTION: THEORETICAL DEVELOPMENT

We turn next to the development of viscous interaction theory in this section and later to the
investigation of the related instability problem of hypersonic boundary layers in §5.

4.1 Viscous Interaction on the Triple-Deck Scales

Significant global interaction of a laminar boundary layer with an external hypersonic flow
(M;>>1) has been the subject of extensive investigation in the past (e.g. Hayes & Probstein 1959,
Moore 1964, Cox & Crabtree 1965, and the review by Mikhailov et al. 1971). There is yet another
more universal and important interactive feature of a boundary layer occurring on a much shorter
scale noted earlier by Lighthill (1953), which permits upstream influence and separation and became
the focus of a vast number of theoretical studies two decades later (see reviews by Stewartson 1974,
1981; Smith 1982, 1986; Sychev 1987). Central to all the recent work is the triple-deck theory which
stipulates a three-tier stucture made up of lower, main and upper decks, with the streamwise scale
short enough that a small self-induced pressure rise is sufficient to provoke flow reversal and
separation. '

4.2 Triple-Deck Theory Applied to Hypersonic Flow

The basic parameter controlling the triple-deck structure for a locally supersonic external flow
can be written for the present purpose as (Stewartson 1974) " -

1/4
€= r(’—;—l)—-ﬂ-—— (Mf’ ‘ ix) (4.1)

\/'Y(Mz -1) Re

where T is a function of wall temperature and wall shear immediately upstream of the interaction
zone, and the product inside the large bracket is simply the Lees-Stewartson global-interaction
parameter

o

x = M} T , (4.2)

familiar from the classical theory. In the preceding, the subscript "1" refers to the condition
immediately upstream of the triple deck and the constant C is the Chapman-Rubesin coefficient
weT,/p, T+, where the asterisks refer to the reference temperature of the hypersonic boundary layer.
It is apparent from (4.1) that x remains to be the important parameter controlling the viscous
interaction on both global and triple-deck scales. Characterizing the theory for this flow structure
are the orders of magnitudes of the thickness ratios of the lower, the main and the upper decks, and
also the normalized pressure and streamwise-velocity perturbations, which are representable,
respectively, as

€, €% €°, e ¢ (4.3)

(The streamwise length scale A for the triple deck is the same as that of the upper deck.) This version
of the theory is to be referred to as the standard version and requires the ¢ in (4.1) to be
asymptotically small, and is clearly inapplicable to a regime where x is not small. There is however
a Newtonian version of this approach which considers (7 -1)/2 being asymptotically small in addition
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to M, being large, while allowing an unbounded x (§4.4). The upstream influence through the lower
deck may be best seen from the formulation of Rizzetta et al. (1978) using the shear r = du/dy as a
dependent variable, in which a Neumann boundary condition for r at the wall (y = 0), after
eliminating the pressure gradient, is

r d* [
3y~ dz? /0 (r—1)dy (4.4)

where the second x-derivative makes the elliptic nature of the problem apparent.

Among the examples (see Stewartson 1974; Smith 1982,1986) is the free-interaction solution
which is an eigen/departure solution that is admissible if provoked. The latter leads to separation
and flow reversal in the lower deck, and reaches a pressure plateau downstream; it represents
physically the precursor at the head of a large recirculation region. For a ramp angle in a suitably
small range, solutions with recirculation and reattachment on the ramp downstream were obtained by
Rizzeta et al. (1978).

4.3 Is Departure Solution Admissible at Large x?

The foregoing discussion would suggest that departure solutions of the triple-deck theory are
unlikely at large x (strong global interaction). A classical example of global interaction at an
unbounded x is that of an aligned flat plate, for which the self-similar solution at a uniform wall
temperature yields a self-induced pressure p/p,, proportional to x (Stewartson 1955, Hayes &
Probstein 1959). Neiland (1970) found, however, that an indeterminancy exists for an expansion of
this solution in descending powers of y, i.e.,

P Dexft+-Hax 4] : (4.5)

Poo
where for a certain exponent n, the constant a, cannot be determined. The finding suggests an
upstream influence excluded by the solution procedure. Using a tangent-wedge pressure formula,
and assuming a unit Prandtl number and an insulated wall, Neiland found n = 50.6. This value was
confirmed subsequently in the analysis of Werle's et al. (1973) analysis which considers 2 wide range
of wall temperature, and in Brown & Stewartson’s (1975) investigation where the eigen solution was
found to be insensitive to the approximation made on the outer flow. There, the exponent n was
shown to be a function of the specific-heat ratio 4 and of the wall-to-stagnation temperature ratio.
These features may nevertheless be reconciled with the triple-deck formalism discussed below.

4.4 The Theory for 1—1

The impasse in the triple-deck theory posed by large x is overcome by the theory of Brown
et al. (1975) based on small (4-1)/2 and high Mlz, which could be called a Newtonian theory (Hayes
& Probstein 1959) but which is less restrictive than the latter since the assumption of a strong shock
is not strictly required. Lete, ¢, and A gauge the orders of magnitude of the velocity and pressure
perturbations, and the streamwise length scale of the triple deck, respectively. These can be expressed
in this case for a nonvanishing x explicitly as

€= (- I(T /T Cx Y2, €= (4-INT,/T)6, A= (v-H¥(T,/T,)S, (4.6)
showing that a triple-deck structure is possible for y—1. They also suggest that wall cooling should

make the theory much more accurate. Using the tangent-wedge approximation, the crucial pressure-
displacement relation in Brown et al. (1975) needed for closure of the interaction problem can be



written as
W= T (A +p) 4.7

where A is a displacement due to the lower deck, and 4 is a constant of the order (7-1 )(Tw/To)ze in
the case of small x. This may be compared with p = -dA/dx in the (standard) supersonic triple deck
theory. Computational studies with this version of the theory have been made for a compressive ramp
(Rizzetta et al. 1978) and for free interaction (Gajjar & Smith 1983).

On the other hand, for finite x and small (v - 1)/2, (4.7) leads to

d

0=~ TJF(A + P) (4.8)
which implies that the boundary-layer outer edge, hence the flow in the upper deck, is little affected
by the interaction. In this connection, one may examine whether the triple-deck result can be
reconciled with Nxeland's algebraic elgensoluuon (4.5). The latter may now be interpreted as

o n T
KoK
ax bl( ) ~ biexp. (o T, (4.9)

Note that x o x"1/2 and that the triple deck is centered at x;. Now the free-interaction solution in
the theory of Brown's et al. (1975) gives a pressure precursor of the same form as (4.9) with the
exponent n being identified as n = (0.8273)/A -O[('y-l)’s(T,,/To)‘s], which is indeed a large number
for the yand T, /T, of interest, as was anticipated. The Newtonian version of the analysis (Brown
et al. 1975) remains to be completed with the inclusion of the centrifugal correction in the Busemann
pressure formula; this is expected to alter substantially the pressure-displacement relation (4.7).

4.5 Critical Influence of Wall Cooling

For hypersonic flight applications, theory and analysis must take into consideration the effect
of a low wall-to-stagnation temperature (T, /Ty<<1). It may be noted that the assumption T_/T =
O(1) is implicit in the standard theory, and the wall temperature need not fall too far below the
stagnation/recovery level before a significant departure from the standard theory can occur, as the
" following will confirm.

The analysxs of Brown’s et al. (1990) on the triple deck for small x identifies a critical wall
temperature level T
To 2 2 E&l’
=~ [ () x
T, v-1 (4.10)

where ) is a normalized undisturbed wall shear (equal to 0.332 for an aligned flat plate), and w is the
exponent in the viscosity-temperature relation u « T¥; the Newtonian factor 2/(y-1) is mcluded to
indicate its influence but the limit 7 — 1 was not taken. Depending on the ratio T /T, , three
distinct wall-temperature ranges exist

8

v
L J

(i) Supercritical: TV»T,,"(ii) Transcritical: T, = O(T"), (iii) Subcritical: T,,«T‘,' (4.11)

For the supercritical and transcritical ranges, the set of scale factors ¢, £ and A is not basically
different from that of the standard theory

: | NS
.\_272 13.., v, ‘-'p"x—2721 i, A=2T (7_2-—) i @12

where
L] U+*
=12 = ('—'") . _ (4.13)
T,
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The relation between the pressure rise and the lower-deck displacement for the ranges (i) and (ii) can
be reduced to

P = —j;—,(A +vh) (4.14)

where v = kv,, and k is a constant of order unity determined by the boundary-layer profiles just
upstream of the triple deck, independent of x,. The term VP, in (4.14) is absent from the stgndard
theory, and represents a transcritical (cold-wall) effect. For the subcritical range (s,<s, ), the
gauging parameters of (4.12) must change in order to remain small, to keep the reduced PDE in
canonical form and to avoid degeneracy in the P-A relation. This is accomplished simply by
replacing v, therein by 1/k, and (4.14) changes over for the subcritical case to

%(P1 +A) = —v*P, (4.15)

Interestingly, the relative scales of the triple deck, i.e. ¢ and A, no longer depend on the Reynolds and
Mach numbers in this case and vanish with s,

Figure 5 reproduces the results of Brown et al. (1990) for the overpressure in a free interaction
foro= ul‘ in the range of 1 < o < oo, with the origin of ¢ located at the separation point. The
existence of the transcritical and subcritical s_-ranges was anticipated in Neiland (1990, private
communication), the length scales therein differ however from those in Brown et al. (1990). The
analysis of Brown et al. shows clearly the drastic reduction in the triple-deck length scales hence in
the extent of the upstream influence as s,, vanishes. This means that laminar separation can occur but
becomes more abrupt under a strong cooling.

5. BOUNDARY-LAYER INSTABILITY AND TRANSITION STUDIES

Many investigations of flow instability and turbulence transition in hypersonic boundary
layers have been undertaken recently, The development is helped substantially, perhaps, by the
sequence of analyses on compressible boundary-layer instability made decades earlier by Mack and
others (see reviews by Mack 1984,1987a,b; Roshotko 1976).

Some caution should be exercised at this juncture on the use of the viscosity-temperature (u-
T) relation in extending the stability analysis to high-temperature real-gas flow, apart from other
more obvious considerations. According to a recent study (Kang & Kunc 1991), for example, the
viscosity of dissociating iodine at T = 1000-2000°K will have a negative slope in the u-T relation, i.e.
du/dT<0; similar properties may occur in other dissociating/ionizing gases and their impact on the
stability analysis need to be ascertained. The other aspect in need of caution is the assumption of
translational equilibrium in certain stability and transition calculations, where the combination of low
Re and high M; makes the gas-rarefaction effect important. Take for example, a hypersonic
boundary layer on a slender/thin body, which may have a boundary-layer thickness & of 2% the global
scale L, or larger; in this case, it can be shown that the local mean free path is of the of 5.

5.1 Parallel-Flow Instability Applied to Compressible Boundary Layers

Lees & Lin (1946) extended the viscous (Tollmien-Schlichting waves) and inviscid (Rayleigh
theorem) results of parallel-flow instability to the compressible case. They noted that the condition
D(gDU) = 0 (with D = d/dy) signifies a maximum angular momentum and plays the same role in
compressible theory as does D2U = 0 (an inflection point) in incompressible theory. Unlike in the
incompressible case, this generalized inflection point can be found at some U = U, in the compressible
boundary layer on a flat plate, and therefore neutrally stable waves with phase velocity ¢ = U, can
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exist. Lees & Lin limited their consideration to 2-D subsonic relative waves, i.e. |U(y)-c|<a(y). This
rules out the "supersonic relative waves” with |U(y)-c|>a(y) and the possibility that, in a supersonic
boundary layer, the TS-type waves are most amplified at some oblique (wave) angles. Allowance of
supersonic relative waves would render possible acoustic wave propagation and reflection within the
boundary layer, admitting a sequence of higher modes for each phase velocity, as Mack
(1984,1987a,b) subsequently found. [The modes are designated/ordered by a number "n" according
to the sign changes (zero crossings) occurring in the pressure profile.] The second mode turns out to
be the most unstable for flat plates and slender cones at high Re (inviscid) and also for all Re
(viscous) at M;>4, as was confirmed by subsequent experiments (discussed below). The neutral
stability waves, both inflectional and noninflectional, are significant (as they are in classical theory)
in that they identify with parts of the boundaries delimiting the instability/stability domains of
interest, Figures 6,7 (reproduced from Mack 1985) present these curves of neutral instability in the
domain of wave number « and Mach number M, for 2-D inflectional and noninflectional waves,
respectively. The calculations were made for an insulated flat plate. Note that a sequence of
noninflectional waves of neutral stability can exist for each c in the entire range U, <c < U, +a,, but
the results for ¢ = U, shown in Fig. 6 are more important since each curve therein forms a part of the
boundary for some genuinely unstable domain.

Among several peculiar features of Figs. 6,7 are the similarity of the two graphs in trends at
high and low a, and the drastic slope change together with what appears to be a mode-switching
behavior in Fig. 6, to be delineated in §5.3 below. One unique feature of a boundary layer with high
M, is the progressive movement of the generalized inflection point towards the boundary-layer outer
edge as M, increases. Thus at high M,, this location falls inside the "edge layer" (Bush & Cross 1967,
Lee & Cheng 1969) and the stability analysis must take into consideration the appropriate u-T law.
An adverse effect of wall cooling must be noted. At M, = 10, Mack’s (1985) calculations revealed that
the temporal amplification rates of the second, third and fourth modes at T,/T, ~ 0.05 are almost
twice the corresponding rates for an insulated wall. This was confirmed experimentally at least for
the second mode.

5.2 Experimental Studies of Hypersom':cigﬁoyndary quer: Trg{n:tgn

There have been primarily three sets of experimental studies on hypersonic boundary layer
instabilities at M; = 4.5-8.5 reported in Kendall (1975), Demetriades (1978) and Stetson et al. (1988).

These focused on flat plates and cones in wind tunnels and employed hot-wire anemometer
techniques. Kendall's experiments confirmed the existence of the second mode and its dominance
in a hypersonic boundary layer, Demetriades verified Mack's findings on the adverse wall cooling
effect on the second mode, and Stetson et al. investigated tip-bluntness, wall cooling, and other
effects on slender cones. The latter studies and related works are comprehensively reviewed in
Stetson & Kimmel (1992) who also noted the existence of a harmonic of the second mode unaccounted
for by the theory. Figure 8, reproduced in part from Malik et al. (1990) shows good agreement of
Stetson’s cone data at M, = 8 with Mack’s calculation for the corresponding outer-edge Mach number
M, = 6.8 in the second-mode frequencies near the maximum growth rate. The noticeable difference
in the magnitude of the peak growth rate was believed to be caused by the inadequate accuracy of
the mean flow represented by the boundary-layer solution, but the results based on the PNS generated
mean flow in the study of Malik et al. (1990) were still far from the mark (cf. dashes and dash-dots
in Fig. 8). However, a more recent analysis by Simen & Dalimann (1992) produces growth rates
(reproduced in dots) rather close to the measurements near the peak, attributed principally to the
merit of a version of thin-layer NS used in the mean-flow analysis.

5.3 Asymptotic Properties at High M,

NEAR-MODE CROSSING  Mack’s result shown in Fig. 6 indicates the existence of a segment on the
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